Purpose: To review primary literature on ocular and orbital injury secondary to all-terrain vehicles (ATVs). Methods: A Medline search of English language literature. Results: Very few studies detail ocular and orbital manifestations of ATV crashes. The most common ocular injuries included orbital fractures and eyelid lacerations. Less common but more severe injuries included traumatic optic neuropathy, retinal detachment, optic nerve laceration, and ruptured globe. Associated facial and skull bone fractures, traumatic brain injury, and subdural/subarachnoid hemorrhage were not uncommon. Depending on the mechanism and force of injury, complete loss of vision has been documented. Conclusion: Ocular and orbital trauma can be found in many cases of ATV-related injury. Various interventions may decrease the frequency of such injuries, including use of head and eye protection.
Introduction
All-terrain vehicles (ATVs) are popular recreational vehicles originally introduced in 1971. Between 1982 and 2014, the Consumer Product Safety Commission (CPSC) received 13,617 reports of ATV-related fatalities [1] . Based on crash frequency data, and in coordination with the CPSC, the more-dangerous three-wheeled ATVs were discontinued in 1988 [2, 3] . The Consumer Product Safety Improvement Act, which became effective in 2009, reinforced the ban on three-wheeled ATVs and established the process through which the CPSC adopts and amends mandatory standards for ATV manufacture [4] .
Multiple studies have outlined factors that increase the inherent risk associated with ATV use, including: no training or licensing requirement, ability to achieve high speeds (up to 65 mph), heavy weight (up to 600 lbs), lack of requirement for use of personal protection (e.g., helmets and goggles), use in areas with poor terrain, riding with passengers, and riding on roadways [5] [6] [7] [8] [9] [10] [11] [12] [13] . ATV-related injuries occur most commonly in males, in the age range late teens-early 20s, on weekends, in the evening, and during summer months. The CPSC estimates that in 2011 (the most recent year with finalized data), ATVs were responsible for more than 100,000 injuries treated in emergency departments and nearly 700 deaths in the United States [1] . Texas, California, Pennsylvania, West Virginia, and Kentucky had the highest numbers of ATV-related fatalities from 1982-2011, each with over 500 deaths for the reporting period [1] . From 2001 From -2008 , an average of 144 children and 568 adults died each year from ATVs in the United States. The American Academy of Pediatrics policy on ATVs recommends that ATV riders should be required to wear motorcycle-style helmets, to be at least 16 years old, to not carry passengers, and to not ride after sunset or before sunrise [14] .
Of the estimated 93,700 emergency department-treated ATV injuries in 2014, 28% involved the head and neck [1] . This is similar to a 2001 report by Cvijanovich et al. that describes head or spinal cord injury in 25% of pediatric ATV injuries in Utah [15] . Although head and face trauma constitutes one of the most common types of injury related to ATV crashes, few studies have been published on ophthalmologic sequelae [5, 6] . We review the primary literature on ocular and orbital injuries secondary to ATV crashes, and provide recommendations based on our review.
Methods
Medline was searched for articles related to ocular or facial ATV injuries in the English language (Appendix A), resulting in 61 articles. Twenty-five were deemed unrelated based on title and abstract review. The full manuscripts of the remaining 36 were screened for relevance. Articles that involved a retrospective or prospective review of ocular or orbital injuries secondary to ATV crashes were included. Thirteen articles met these inclusion criteria. References from these 13 articles were also screened for inclusion, resulting in one additional included article. Overall, 14 articles were included in the literature review.
Results
The 14 included articles were divided into three categories. Three articles (101 patients) were dedicated primarily to detailing ATV-related ocular injuries, including orbital fractures (Table 1) . Eight articles (666 patients) described ATV-related orbital fractures ( Table 2 ). The three remaining articles (311 patients) described pediatric ATV-related injuries, but only briefly mentioned ocular involvement (Table 3) .
Articles Dedicated to ATV-Related Ocular Injuries
Edmonson et al. documented ophthalmic injuries secondary to ATV crashes in 20 children (mean age, 11.1 years; 70% male) [5] . Many sustained orbital fractures (see Table 1 ), and 25% had eyelid lacerations. Two patients (10%) had traumatic optic neuropathy (TON) with final visual acuities (VA) of count fingers and no light perception (NLP). Edmonson et al. also detailed a sample case presentation of a 12-year-old boy. The front wheel of his ATV came off while driving without a helmet, causing the ATV to flip over and the handle bar to penetrate his left orbit and brain. This resulted in TON, an 8.5 cm facial laceration, multiple facial and orbital fractures, and a cerebrospinal fluid leak requiring an emergent craniotomy. His VA remained at NLP, though he had otherwise full neurologic recovery.
Close et al. documented a case of a 13-month-old boy who fell from an ATV and developed periorbital cellulitis three days later. No foreign body was found upon orbital surgical exploration or fundoscopic exam. The cellulitis persisted despite antibiotic therapy, and an ultrasound eventually revealed an intraorbital wooden foreign body, which was removed surgically. Six month ophthalmic follow-up "revealed no evidence of visual loss, nerve injury, or impairment of extraocular muscle function" [16] . No information was available on helmet use.
Mayercik et al. documented ophthalmic injuries secondary to ATV crashes in 80 patients (mean age, 23.5 years; 86% male) [6] . Ocular injuries were present in 16.1% of cases of ATV-related hospital admissions in this study. The most common ocular/orbital injuries included orbital fracture (80%), periorbital ecchymoses (40%), lid laceration (25%), subconjunctival hemorrhage (15%), and diplopia (10%). More serious sequelae, such as TON, severed optic nerve, and ruptured globe were seen in 3.8%, 2.5%, and 1.3% of patients, respectively. The most common, concomitant, non-ocular injuries included loss of consciousness (49%), facial fractures (30%), and subdural (14%) and subarachnoid (13%) hemorrhages; 2.5% of patients died. Only 24% of patients wore head protection, and none wore eye protection at the time of injury. One patient's regular corrective lenses shattered, which the authors believed to have compounded the ocular injury. In this report, the associated alcohol usage while operating an ATV was 38% in adults and 5% in children, while recreational drug use was documented in 3% of adults and none in children. Mayercik et al. also detailed three case presentations [6] . The first regarded an intoxicated 24-year-old man who was struck in the eye with a rock while wearing a helmet but no eye protection. He sustained a canalicular laceration requiring surgical repair and an orbital floor fracture requiring surgical reconstruction and subsequent revision secondary to persistent diplopia and enophthalmos. The second case described an 11-year-old girl who was struck by a stick while riding her ATV through the woods with no helmet or eye protection. She sustained a corneal laceration and traumatic cataract requiring surgical repair, cataract removal, and implantation of an intraocular lens. The third case was of a 9-year-old boy whose ATV flipped over, and-similar to the case by Edmonson et al.-the handlebar impaled his left orbit and brain. He sustained bilateral optic nerve avulsions, orbital fractures, chemosis, and a lid laceration requiring multiple reconstructive surgeries. Systemically, he sustained multiple facial fractures, skull base fractures, penetrating brain injury, traumatic pancreatitis, and numerous superficial burns. His VA remained at NLP.
Articles Describing ATV-Related Orbital Fractures
Demas et al. described 35 pediatric ATV-related injuries from the Children's Hospital of Pittsburgh, a regional pediatric tertiary care trauma center [17] . Two (6%) had isolated orbital-zygomatic fractures, and 82% of the injuries occurred in the summer months of April-September.
Marciani et al. published on 72 ATV-related injuries from the University of Kentucky Medical Center [7] . Seven (9.7%) had orbital floor fractures, and two (2.8%) required unilateral enucleations. Touma et al. described 153 ATV-related injuries from West Virginia University Hospital's institutional trauma registry [8] . Twelve (8%) had orbital floor fractures, one (0.7%) had an orbital rim fracture, and four (2.6%) had "ophthalmic" injuries. They noted that most of the injuries occurred in the summer months of May-July, and that "Saturday night was the most common night for these injuries". Alcohol was involved in 51% of nighttime crashes, and in 31% of injuries in men and 17% of injuries in women. The injury severity score was significantly higher in those with maxillofacial injuries and when alcohol was involved (p < 0.001). There was a trend towards a decreased rate of maxillofacial injury in those wearing a helmet; however, it did not reach statistical significance (p = 0.35).
Holmes et al. documented 72 ATV-related collisions from the University of Alabama at Birmingham Trauma Registry [9] . They reported six (8.3%) orbital floor fractures, and described five of them as "orbital floor blowout fractures". The authors found that the autumn and spring seasons had the highest frequency of ATV collisions, and that 67% of ATV collisions occurred on the weekends. When compared to patients involved in motorcycle crashes, ATV crashes were significantly more likely to result in maxillofacial fractures. The authors also found that those patients with maxillofacial injuries had longer hospital stays, lower Glasgow Coma Scale scores, and higher Injury Severity Score. Bhutta et al. described 141 children with ATV-related admissions to a tertiary pediatric hospital in Arkansas [18] . They reported 10 orbital fractures and three "eye injuries". Fifty-three sustained extremity injuries, 34 head trauma, and 31 torso injuries. There was a significant association between brain injuries (19%) and death or long-term disability (20%) (p < 0.001).
Whatley et al. included 11 children with maxillofacial fractures from LeBonheur Children's Medical Center in Memphis, Tennessee [19] . Three (27%) sustained orbital fractures due to ATV-related injury, with two requiring craniotomies. [11] . Fourteen (53.8%) sustained nasal/orbital fractures. One (3.8%) child suffered "visual loss" secondary to optic nerve compression from a subdural hematoma that was not responsive to evacuation and medical management. Most injuries occurred on weekends (31% on Saturday, 23% on Sunday), and 46% occurred in the summer months (June-August). In addition, they found increased frequency of injuries in October and on Thursdays, which the authors believed coincided with various hunting seasons. The children presented with facial bone and skull fractures (77%), contusions/lacerations/abrasions (62%-69%), as well as closed head injuries (35%) that were significantly associated with mandibular fractures (p = 0.03). Seventy-two percent required operative intervention, 36% spent a mean of 5.1 days in the ICU, and 24% needed ventilator support. One (3.8%) child died after severe head injury. Notably, the authors also briefly describe 84 adults with ATV-related craniofacial injuries.
Rivera-Barrios et al. described 156 ATV-related craniofacial fractures from two trauma centers: the Medical University of South Carolina and the University of California-San Diego [20] . Ninety-eight (62.8%) sustained naso-orbital fractures. In this cohort, 29.7% were admitted to the ICU, and 21.8% of patients were intubated prior to arrival at the trauma center. The authors found a close relationship between those not wearing helmets (63.5%) and the patients suffering traumatic brain injuries (61.5%).
Articles that Describe Pediatric ATV-Related Injuries and Mention Ocular Involvement
Murphy et al. described 92 pediatric ATV-related injuries from a tertiary pediatric trauma center in Canada [21] . Three (3%) had "eye" injuries that were otherwise not elaborated upon. Five (5%) cases involved alcohol and drugs: three from teenage drivers, one impaired adult driver with an injured pediatric passenger, and one impaired motor vehicle driver that collided with a child ATV driver. Seventy-two percent of injuries occurred in the summer and fall. The authors found that helmet use was significantly associated with a reduced risk of head and facial injury (odds ratio, 0.02; 95% confidence interval, 0.001-0.101).
Mangano et al. described 185 pediatric ATV-related hospital admissions to the St. Louis Children's Hospital in Missouri [22] . Three (1.6%) had "eye" injuries (additional details were not provided). Thirty-four percent of patients sustained neurologic injuries. Of this population, 42% of the injuries occurred in the summer, 58% were drivers, and included five driver/passenger pairs. Wang et al. described 34 pediatric ATV-related injuries from the Memorial Hermann Children's Hospital, a level I pediatric trauma center [23] . Two (6%) patients sustained TON requiring orbitotomy and optic nerve decompression. Five (15%) patients sustained orbital fractures that did not require operative repair. Notably, ATV impact into barbed wire was the mechanism of injury for three (9%) of the patients. 
Discussion

Ocular Injuries
Our literature review found that ocular injuries in ATV-related crashes are not uncommon. In the Mayercik et al. study, ocular or orbital injury occurred in 16.1% of ATV-related hospital admissions [6] . The most common ocular injury in the reviewed studies was orbital fracture. Eyelid lacerations, globe injury, optic nerve injury, diplopia, corneal abrasions, enophthalmos, restrictive strabismus, and traumatic cataract were also reported ( Table 1 ). The co-incidence of non-ocular trauma was high among those with ocular ATV-related injuries, frequently including facial fractures and loss of consciousness (Table 1 ).
Mechanism of Injury
We found no major differences in the mechanisms of injury in studies reporting only ocular ATV-related injuries and in studies reporting non-ocular ATV-related injuries. Most of the injured were drivers rather than passengers, and ATV rollover was consistently the most common mechanism of injury. Interestingly, many papers report that summer months had the highest incidence of injury, and two [8, 11] reported that Saturday was the most common day of the week for ATV injuries.
Drug and Alcohol Use
Alcohol and recreational drug use are both risk factors for ATV crash and subsequent injury. Regarding ocular ATV-related injuries, Mayercik et al. reported a 20% and 1% incidence of alcohol and drug use, respectively [6] . In articles that also described non-ocular ATV-related injury, alcohol use varied from 0%-46%, and drug use was generally not reported (Tables 2 and 3 ). Alcohol use was found to occur in both pediatric and adult injuries, and Murphy et al. reported one case [21] of an injured child passenger of an impaired adult ATV-driver.
Helmet and Eye Protection Use
In those sustaining ocular ATV-related injuries, helmet use varied from 0%-24% (Table 1) . In articles that also described non-ocular ATV-related injury, helmet use varied from 4%-69%. Pelletier et al. evaluated 435 patients with ATV-related injuries, and found that after controlling for age, sex, and blood alcohol content, helmet users were 2.3 times (p = 0.041) and 6.6 times (p = 0.016) less likely to sustain major head injury and die, respectively [24] .
We found two economic cost analyses regarding helmet use on ATVs that support the use of head protection. Meyers et al. found that 238 head injuries and two fatalities per 100,000 ATV drivers could be averted by universal helmet use while riding on ATVs, saving US$364,306 per injury [25] . Rodgers found significantly increased risk of death with no helmet use, male gender, larger engine sizes, and alcohol and drug use; he also found that helmeted drivers had a 42% lower fatality risk and a 64% lower risk of non-fatal head injury [26] . Rodgers calculated that helmet use (in 1990) could save $49.50 annually per ATV driver (or about $25, given the cost of helmets). Helmkamp found that states without ATV safety legislation had twice the ATV-related death rate of states with safety or helmet regulation [27] .
The papers by Edmonson and Mayercik were the only ones to report the use of eye protection at the time of ATV-related injury, with both reporting that none of the patients wore eye protection at the time of injury. Mayercik et al. concluded that some of the ocular ATV-related injuries "could easily have been prevented by protective eyewear, whilst other may or may not have been preventable" [6] . They illustrated this with a case of a helmeted, intoxicated ATV driver struck in his eye by a rock, where eye protection could have shielded him.
It is worth noting that in the related field of motorcycle injury prevention, helmet laws have been shown to reduce the incidence and severity of facial injuries. In a study on the California Motorcycle Helmet Use Law, Kraus et al. found 27 facial injuries in the year prior to the law, and only 18 in the year after the law was enacted [28] .
For motorcycles and ATVs, helmets have been shown to reduce both fatal and nonfatal head injuries. Since many of the ocular injuries in our literature review were co-incident with facial injuries, it is likely that similar helmet use laws could reduce ocular injuries associated with ATVs.
Limitations
A number of important limitations affect the generalizability of this literature review. Most of the reviewed articles report ATV-related injuries that presented to an emergency department or were admitted to a tertiary care hospital. This necessarily excludes many cases of milder injuries, including those presenting to community hospitals and ambulatory care centers, and those that did not require medical treatment at all. These bias our review towards more severe injuries, indicating that many more ATV-related ocular injuries may be milder than those reported here. We were also only able to find three articles that focused on ocular ATV-related injuries, and one was a case report.
Conclusions and Recommendations
Ocular and orbital trauma can be found in many cases of ATV-related injury. While injuries most commonly include orbital fractures and lid laceration, more severe manifestations such as TON, optic nerve laceration, retinal detachment, vitreous hemorrhage, and ruptured globe have been reported. These ocular and orbital sequelae frequently require costly surgical interventions, and may result in long-term disability as well as legal and permanent blindness [29] . Severe head injury and neurological impairment are also common in ATV crashes. Careful ophthalmologic examination is essential in patients with head injury, as pupillary involvement, optic nerve injury, and ocular motor paresis have been shown to be associated with more severe head injury.
Many authors have suggested that it may be possible to prevent or ameliorate the vast majority of the above-mentioned ophthalmologic and neurologic injuries. Many authors have suggested methods to help prevent ATV-related crashes and decrease the morbidity and mortality from them when they do occur, including: (1) minimum age of 16 years for independent operation or mandatory parental supervision for those <16 years of age; (2) automobile driver's license or permit or educational classes with "hands-on" training; (3) head and eye protection during ATV operation; (4) abstention from alcohol and illicit drugs; (5) single operator only (i.e., no passengers); and (6) avoidance of public roadways [5, 6, 8, [11] [12] [13] 30, 31] . Similar efforts have been shown to reduce injury severity from motorcycles [32] . Avoidance of public roadways is particularly important, as ATVs are designed for off-road surfaces. Over half of all U.S. deaths related to ATVs occur on public roadways, and the majority of these do not involve a collision with a motor vehicle [13] .
We believe that these methods to reduce ATV morbidity would also reduce ATV-related ocular injuries. The recommendation to wear helmets with eye protection, in particular, has been shown to reduce facial injuries associated with motorcycle use, and would almost certainly decrease facial and ocular injuries associated with ATV use as well.
